AtERG2 is essential for early embryo development 2 6 buffer (200 mM Tris-HCl pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5% SDS) as 1 3 7
described (Edwards et al., 1991) . Total RNA was extracted by TRIZOL Reagent 1 3 8
(Thermo Fisher Scientific, USA) from Arabidopsis seeds according to the 1 3 9
manufacturer's instructions (Thermo Fisher Scientific) and quantified using a 1 4 0
Nanodrop ND-1000 spectrophotometer (LabTech, USA). Total RNA (5 µg) was used 1 4 1 for cDNA synthesis with Superscript II RNase H-Reverse Transcriptase (Life 1 4 2
Technologies, USA) and oligo(dT) 18 primers according to the manufacturer's 1 4 3
instructions. 1 4 4
Characterisation of T-DNA Insertion Mutants 1 4 5
Two T-DNA insertion lines of AtERG2: aterg2-1 (SALK_032115) and aterg2-2 1 4 6 (SALK_032124) were purchased from Arabidopsis stock centres 1 4 7
(http://www.arabidopsis.org/) ( Figure 3A ). The genotype of T-DNA lines was 1 4 8 confirmed by PCR ( Figure S3A ) using the gene-specific primers and a 1 aterg2-2 showed similar phenotypes to WT, with the exception of silique length and 3 0 5 seed number; also, the ratios of the developed seeds of mutant lines were lower than 3 0 6 those of the WT ( Figure 3B to 3D and Figure S3B and S3C). We found that the 3 0 7
developed seeds per silique in aterg2-1 and aterg2-2 were about 30% of WT at 6 DAP 3 0 8
until seed maturation ( Figure S3B and S3C), which suggested that seed development 3 0 9
was arrested and aborted at the early development of seeds in both aterg2-1 and 3 1 0 aterg2-2. Therefore, we used aterg2-1 +/-to perform the following experiments. 3 1 1
Next, we investigated the silique development of WT and aterg2-1 +/-from the 3 1 2 pre-pollination stage (BP) to 4 days after pollination (DAPs) and found that the 3 1 3 silique length was significantly shorter at 3 DAP in aterg2-1 +/-than in WT ( Figure  3 1 4 3E). Some seeds were small and arrested at 1 DAP, and the arrested ratio of seed 3 1 5 development reached 65% at 3 DAP in aterg2-1 +/-( Figure 3F ), which is almost the 3 1 6 same as the ratio of seed development at 6 DAP. We further dissected the siliques and 3 1 7
hyalinised seeds to observe the embryo development at BP, 0.5, 1.5 and 2.0 DAP to 3 1 8 explore the impairment of early seed development in aterg2-1 +/-. Firstly, we found 3 1 9
that there is no developmental difference of embryo sac between WT and aterg2-1 +/-3 2 0
plants at BP and 0.5 DAP ( Figure S4 ). In addition, we showed that there are 50.7% 3 2 1 and 64.2% small-sized seeds at 1.5 DAP and 2.0 DAP in aterg2-1 +/-silique, 3 2 2
respectively, but only 2.4% were found in WT silique, although the silique length was 3 2 3 the same between WT and aterg2-1 +/-plants at 2.0 DAP ( Figure 4A and 4B) . At 1.5 3 2 4
DAP, there were two types of embryos in WT and aterg2-1 +/-siliques: 31.1% in the 3 2 5 zygote stage and 68.9% in the early-globe stage for WT and 56.9% in the zygote stage 3 2 6 and 43.1% in the early globe-stage embryos for aterg2-1 +/-siliques, respectivley 3 2 7
( Figure 4C ). Furthermore, we found 9.8% heart-stage, 57.9% globe-stage (eight or 3 2 8 more cells of embryos), and 32.2% early globe-stage embryos in 2.0-DAP WT seeds, 3 2 9 and 1.3% heat-stage, 21.1% globe-stage, and 23.2% early globe-stage embryos were 3 3 0 found in 2.0-DAP aterg2-1 +/-seeds. More interestingly, as much as 38% of seeds 3 3 1 stayed in the zygote stage, and 16.5% of these seeds were collapsed seeds without 3 3 2 embryos in 2.0-DAP aterg2-1 +/-siliques ( Figure 4C ). These results suggested that 3 3 3 insertional inactivation of AtERG2 causes delay in the development of embryos after 3 3 4 pollination and arrested seeds from 1.5 DAP in aterg2-1 +/-plants. 3 3 5 3  3  6 death-related genes in aterg2-1 +/-arrested seeds 3 3 7
ROS accumulation and activated transcription of ROS-responsible and cell
Previous studies showed that the knockdown of ERAL1 in human cell lines by siRNA 3 3 8 inhibits mitochondrial protein translation and elevates mitochondrial reactive oxygen We found that the arrested seeds in aterg2-1 +/-exhibited more pronounced increases 3 4 4 in DAB staining than did the developed seeds in WT and aterg2-1 +/-( Figure 5A ), 3 4 5
suggesting higher ROS levels in the arrested seeds of aterg2-1 +/-than in the 3 4 6 developed seeds of WT and aterg2-1 +/-. Furthermore, Alternative oxidase1a 3 4 7 (AOX1a), a nuclear gene encoding mitochondrial protein, is activated by ROS through 3 4 8
ROS-responsible transcription factors WRKY40 and ANAC017 (Ng et al., 2013 ; Van  3  4  9 Aken et al., 2013; Liu et al., 2014) . Thus, these three genes can act as the marker 3 5 0 genes for monitoring ROS levels. qRT-PCR showed that the transcription levels of 3 5 1 these three genes was specifically higher at 1.5 and 2.0 DAP in the arrested seeds of 3 5 2 aterg2-1 +/-than in the developed seeds of WT and aterg2-1 +/-( Figure 5B ). 3 5 3
The BCL2-associated athanogene (BAG) family, as the calmodulin-binding 3 5 4
proteins, serve as co-chaperones to recruit HSP70/HSC70 to a specific target protein 3 5 5
regulating diverse cellular pathways, such as programmed cell death (PCD) and stress 3 5 6 responses in eukaryotes (Hung et al., 2003; Yan et al., 2003) . Kang et al (Kang et al., 3 5 7 2006) showed that overexpression of AtBAG6 induced cell death phenotypes 3 5 8 consistent with programmed cell death (PCD) in yeast and plants. Here, we found that 3 5 9
AtBAG6 is extremely up-regulated in 2.0-DAP seeds of aterg2-1 +/-but not in WT 3 6 0 plants ( Figure 5B ), which suggested that inactivation of AtERG2 induces the higher 3 6 1 ROS levels and the cell death of embryos after pollination to produce the arrested 3 6 2 seeds in aterg2-1 +/-plants. To investigate whether the abortion of seeds in aterg2-1 +/-is associated with 3 6 6 mitochondria protein synthesis, we chose chloramphenicol (CAP), which prevents 3 6 7 protein chain elongation by inhibiting the peptidyl transferase activity of the bacterial 3 6 8 ribosome, to inhibit the translation of mitochondria-encoded genes and observe the 3 6 9
phenotype of seed development in Arabidopsis WT plants. Arabidopsis flowers were 3 7 0 treated with CAP solution before pollination until 2 DAPs using the floral dip method. 3 7 1
We found that the silique length was shorter at 1.5 and 2.0 DAP with CAP treatment 3 7 2 than in the control ( Figure 6A ), and the development rate of the embryo was 98.4% 3 7 3
for the zygote period at 1.5 DAP and 62.5% for the zygote at 2.0 DAP with CAP 3 7 4 treatment. However, the ratio of the zygote was 45.0% for 1.5 DAP and 8.2% for 2.0 3 7 5 DAP in the control ( Figure 6B ). Additionally, the transcription of WRKY40, ANAC017, 3 7 6
AOX1a, and AtBAG6 was induced with CAP treatment, and the transcription level of 3 7 7
AtERG2 did not change ( Figure 6C ). These results indicated that CAP treatment plays 3 7 8
a role similar to that of insertional inactivation of AtERG2 to trigger the ROS-related 3 7 9
cell death through dysfunction of mitochondrial proteins. al., 2011) showed that maternal epigenetic regulation controls the parental 3 9 1 contributions in early embryogenesis in Arabidopsis. Additionally, mitochondria act 3 9 2
as another maternal inheritance factor that affects the early seed development, 3 9 3
although the ultrastructure observations implied that mitochondria could also be 3 9 4
transmitted from sperm to the egg cell in tobacco (Yu and Russell, 1994) . Here, we 3 9 5
found that AtERG2 is a nucleus-encoded and mitochondria-localised ERA-like 3 9 6
GTPase in Arabidopsis, and the T-DNA insertion mutant lines of AtERG2 show a 3 9 7
recessive lethal and GME phenotype after self-crossing or back-crossing with WT, 3 9 8
which suggested that aterg2 +/-represents a distinct class of GME mutants affecting 3 9 9 early seed development. 4 0 0
The Arabidopsis genome contains three homologues of ERG: AtERG1 is localised 4 0 1 in the chloroplast, AtERG2 is localised in mitochondria (Suwastika et al., 2014) , and 4 0 2
AtDER, similar to chloroplast-localised double Era-like GTPase in Nicotiana 4 0 3 benthamiana (NbDER) (Jeon et al., 2014) , is predicted to be localised in the 4 0 4
chloroplast. In this study, we further showed that AtERG2 is localised to the 4 0 5 mitochondria, dependent on its N-terminal sequence and is mainly expressed in the 4 0 6 leaf vein, trichome, mature pollen, and ovule. The heterozygous aterg2 +/-plant 4 0 7
showed a severe abortion of seeds in siliques from 1.5 DAP, and more than 50% were 4 0 8 arrested in an early stage of development, but only 2.4% were arrested in WT silique. 4 0 9
After an additional 8 h of development, 16.5% of the seeds were severely crushed into 4 1 0 a group of dead cell aggregates, and only 45.5% of embryos could successfully split 4 1 1 out suspensors and develop into the globe stage. However, almost 100% of embryos 4 1 2 developed into globe-stage embryos in WT silique. This phenomenon is similar to 4 1 3 ERG function in Antirrhinum majus (Ingram et al., 1998) , suggesting that 4 1 4 mitochondria-localised ERG are essential for early seed development in plants. The mitochondria genome size ranges from <6 kilobase pairs (kbp) in Plasmodium 4 1 6 falciparum (the human malaria parasite) to >200 kbp in land plants (Gray et al., 1999) ,
which encode a limited number of mitochondria tRNAs, ribosomal proteins, essential 4 1 8
subunits of the different respiratory chain complexes, and some components involved 4 1 9
in cytochrome-c biogenesis (Marienfeld et al., 1999) . Therefore, mitochondria play a 4 2 0 pivotal role in regulating cellular energy homeostasis and redox balance, and the 4 2 1 disabled respiratory chain may cause broken electron transport chain balance and 4 2 2 result in ROS accumulation in the matrix, possibly leading to cell death (Blackstone  4  2  3 and Green, 1999). Here, we showed that AtERG2 binds mitochondrial ribosome small 4 2 4 subunit component 18S rRNA, which benefits the maturation of 18S rRNA and the 4 2 5 assembly of the mitochondrial ribosome. Therefore, disruption of AtERG2 in the 4 2 6
aterg2-1 +/-mutant affected the translation of the respiratory chain-related proteins to 4 2 7 trigger ROS accumulation; it followed the expression of the ROS-related genes 4 2 8 WRKY40, ANAC017, and AOX1a and the cell death-related gene BAG6, finally 4 2 9
resulting in arrest of embryos at the zygote stage or early-globe stage in the aborted 4 3 0 seeds of a mature silique from an aterg2-1 +/-mutant. These results were further 4 3 1 confirmed by CAP treatment of WT seeds because CAP caused the translational 4 3 2 dysfunction of mitochondrial-encoded protein (Xie et al., 2012) . These results are in 4 3 3 accordance with previous studies, which showed that nuclear-or 4 Sequence data for the genes in this study can be found in the GenBank database under 4 4 6 the following accession numbers: AtERG2 (At1g30970), ANAC017 (AT1G34190), 4 4 7
AOX1a (AT3G22370), WRKY40 (AT1G80840), BAG6 (AT2G46240), mitochondrial 4 4 8 ribosome large subunit component 26S rRNA (AtMG00020), and small subunit 18S 4 4 9
rRNA (AtMG01390). The authors declare no conflict of interest. different truncated AtERG2 constructs were constructed with eYFP (green rectangles) 4 7 7
attached to the C-terminal region. AtERG2 was divided into three different regions: T-DNA insertion lines, aterg2-1 (SALK_032115) and aterg2-2 (SALK_032124), were 4 8 3
identified by PCR. Wild-type (WT) Arabidopsis was used as the control. LP, LB, and 4 8 4
RP primers are shown in Figure 1A and Table S1 . The ratio of developed ovules for WT and aterg2-1 +/-at BP and 0.5 DAP, 4 9 0 respectively (n > 150). The egg cell is indicated by ec; the synergid cells are indicated 4 9 1 by sy; The two polar nuclei are indicated as pc; the central cell after the polar cell 4 9 2 fused is indicated by cc; the early globe-stage embryos (with fewer than four cells in a 4 9 3 single embryo) are indicated by ea. gl; the endosperm cell is indicated as end. Bar = 4 9 4 0.1 mm. 4 9 5 4 9 6 4 9 7 Table 1 . Genotype of the aterg2 +/-mutant 4 9 8 4 9 9 (AtERG2_N-YFP) were co-transformed with mCherry-labelled mitochondria marker; 5 0 5
Figure legends
AtERG2 C-part (AtERG2_C-YFP), AtERG2 GTPase domain (AtERG2_GD-YFP), 5 0 6
and AtERG2 KH domain (AtERG2_KH-YFP) co-transformed with mCherry-labelled 5 0 7 cytoplasm marker. All images in this figure were obtained from one optic section. 5 0 8
Scale bars are equivalent to 20 μ m. The schematic of different AtERG2-eYFP 5 0 9
constructs were shown in Figure S3 . (B) and (C) P AtERG2: :GUS fusion staining in 4-week-old Arabidopsis leaves and leaf 5 2 4 trichome. 5 2 5 (D) and (E) PAtERG2::GUS fusion staining in flowers and pollen at BP (before 5 2 6 pollination) and 0.5 DAP (day after pollination), respectively. 5 2 7
(F) to (I) PAtERG2::GUS fusion staining in developed seeds at BP, 0.5, 1.0, and 1.5 5 2 8
DAP, respectively. The central polar nuclei are indicated by cn; the egg cells are 5 2 9
indicated by ec; the synergid cells are indicated by sc; the central triploid nucleus is 5 3 0 indicated by cc; the endosperm are indicated by end; the embryos at zygote are 5 3 1 indicated by zy; and the early globe-stage embryos (with fewer than four cells in a 5 3 2 single embryo) are indicated by ea gl. arrows point to the aborted seeds. Bar = 1 mm. 5 5 8 (B) The seed abortion ratio of WT and aterg2-1 +/-at 1.5 and 2 DAP. Silique 5 5 9 numbers = 8. 5 6 0 (C) The ratio of developed ovules for WT and aterg2-1 +/-at 1.5 and 2.0 DAP, 5 6 1 respectively (n > 200). The embryos at the zygote stage are indicated by zy; the early 5 6 2 globe-stage embryos (with fewer than four cells in a single embryo) are indicated by 5 6 3 ea. gl; globe-stage embryos are indicated by gl; heart-stage embryos are indicated by 5 6 4
H; the collapsed stage is indicated by the arrested seeds without the embryo. Bar = 0.1 5 6 5 mm 5 6 6 AOX1a, and cell death-related genes AtBAG6 were determined using qRT-PCR in 1.5-5 7 3
and 2.0-DAP seeds of WT and aterg2-1. The mRNA levels were normalised to that of 5 7 4
actin. The dark bars represent the WT seeds, and the red and white bars represent the 5 7 5
developed and arrested seeds of aterg2-1, respectively. Error bars indicate the SD of 5 7 6 three biological replicates. Different letters (a-c) indicate statistically significant 5 7 7 differences (p < 0.05) according to Tukey's multiple range test. The zygote embryo is indicated by zy; the early globular-stage embryo is indicated by 5 8 8 ea gl; and the globular-stage embryo is indicated by gl. *** indicates extremely 5 8 9
statistically significant values (P < 0.01). 5 9 0 (C) The relative expression levels of AtERG2; ROS-responsible genes WRKY40, 5 9 1 ANAC017, and AOX1a, and cell death-related genes AtBAG6 were determined using 5 9 2
qRT-PCR in 1.5-and 2.0-DAP seeds treated with CAP. The mRNA levels were 5 9 3
normalised to that of actin. The yellow bars represent the seeds treated with CAP 5 9 4 solution, and the purple bars represent the control. Error bars indicate the SD of three 5 9 5 biological replicates. *** indicates extremely statistically significant differences (p < 5 9 6 0.01) according to Tukey's multiple range test. 
